Surface plasmon excitations and the associated optical transmission properties in perforated metal/dielectric/ metal trilayer structures are numerically investigated. Pronounced magnetic modes are observed in the antisymmetric and asymmetric modes of surface plasmon polaritons ͑SPPs͒. The influence of substrates on the magnetic response is studied in detail. Quite different from the conventional LC-circuit resonance, these magnetic excitations arise from the nonlocalized SPPs in the perforated layered structure, which may considerably enrich the electromagnetic properties of such metamaterials, especially the artificial magnetism at optical frequency. DOI: 10.1103/PhysRevE.76.016606 PACS number͑s͒: 41.20.Jb, 73.20.Mf, 42.25.Bs Artificial materials, or so-called metamaterials, have recently sparked considerable interest, due mostly to their ability to exhibit designed electromagnetic ͑e.m.͒ responses not available in natural materials ͑such as negative refraction͒ ͓1͔. Unlike the dielectric response for common optical materials, the magnetic response is rather difficult to access, because it always tails off at microwave frequency. Nevertheless, this limitation was overcome by an artificial design, the split-ring resonator ͑SRR͒ ͓2͔, whose magnetic response comes from an equivalent LC-circuit resonance. Since then, there have been sustained efforts to push the magnetic response to higher frequencies ͓3-5͔. Until now, artificial nanoassemblies have been constructed to exhibit magnetism even at visible frequencies ͓6,7͔. However, most of these designs are based on the LC-circuit resonance, which is considered inevitably to become saturated ͓8͔. More recently, an optical magnetic response from a parallel plate metamaterial was reported, which is considered to come from a virtual current loop ͑VCL͒ ͓9͔. In a former similar system of two parallel metallic wires, the researchers found that a magnetic mode can be excited by an antiparallel current via an antisymmetric surface plasmon polariton ͑SPP͒ mode in metal wires ͓10,11͔. Here, we suppose that two perforated metal films should also accommodate an antisymmetric SPP mode that leads to a more efficient VCL for producing a magnetic response. So, in this paper, we numerically investigate the SPP modes and the associated magnetic excitations in a welldesigned trilayer metamaterial ͓12͔. Unlike recent studies of the negative refraction property arising from the LC circuit ͓12,13͔, we mainly care about the SPP-associated magnetic response; and the influence of the substrates is emphatically studied here, as it plays an important role in SPP excitations ͓14,15͔, and also in the magnetic responses.
Artificial materials, or so-called metamaterials, have recently sparked considerable interest, due mostly to their ability to exhibit designed electromagnetic ͑e.m.͒ responses not available in natural materials ͑such as negative refraction͒ ͓1͔. Unlike the dielectric response for common optical materials, the magnetic response is rather difficult to access, because it always tails off at microwave frequency. Nevertheless, this limitation was overcome by an artificial design, the split-ring resonator ͑SRR͒ ͓2͔, whose magnetic response comes from an equivalent LC-circuit resonance. Since then, there have been sustained efforts to push the magnetic response to higher frequencies ͓3-5͔. Until now, artificial nanoassemblies have been constructed to exhibit magnetism even at visible frequencies ͓6,7͔. However, most of these designs are based on the LC-circuit resonance, which is considered inevitably to become saturated ͓8͔. More recently, an optical magnetic response from a parallel plate metamaterial was reported, which is considered to come from a virtual current loop ͑VCL͒ ͓9͔. In a former similar system of two parallel metallic wires, the researchers found that a magnetic mode can be excited by an antiparallel current via an antisymmetric surface plasmon polariton ͑SPP͒ mode in metal wires ͓10,11͔. Here, we suppose that two perforated metal films should also accommodate an antisymmetric SPP mode that leads to a more efficient VCL for producing a magnetic response. So, in this paper, we numerically investigate the SPP modes and the associated magnetic excitations in a welldesigned trilayer metamaterial ͓12͔. Unlike recent studies of the negative refraction property arising from the LC circuit ͓12,13͔, we mainly care about the SPP-associated magnetic response; and the influence of the substrates is emphatically studied here, as it plays an important role in SPP excitations ͓14,15͔, and also in the magnetic responses.
We start our simulation on a structure containing a square array of square holes as shown schematically in Fig. 1 , with the period P = 600 nm, hole size a = 250 nm, metal thickness t = 40 nm, and separation s = 60 nm. For diversity, our first sample ͑sample A͒ is defined as in a vacuum background ͑vacuum substrates and separation͒. In subsequent simulations, the separation is defined as SiO 2 with = 2.25 ͑n = 1.5͒, while the substrates are defined as SiO 2 in turn ͑both vacuum for sample B, one SiO 2 for sample C, both SiO 2 for sample D͒. The metal is taken as gold with Drude dispersion ͑ p = 1.37ϫ 10 16 rad/ s and ␥ = 12.24ϫ 10 13 rad/ s͒, where ␥ is set as three times the bulk one, as interpreted in Ref. ͓12͔ .
CST MICROWAVE STUDIO, a finite-difference time-domain method based electromagnetic mode solver, is used in the numerical simulations. An incident plane wave with y polarization is placed so as to irradiate the four-unit-cell samples, which is defined to have periodic boundary conditions in the x and y directions, representing an infinite-periodic structure. Using the solver, a steady spatial distribution of the e.m. field within a certain frequency range can be provided after the simulation meets convergence, which is set as −60 dB here. Furthermore, by putting the structure into a waveguide with perfect H and perfect E conditions on the x and y boundaries, respectively, which is equivalently valid in an infiniteperiodic structure for polarized incidence ͓16,17͔, we can obtain the transmission and reflection properties by evaluat-*Corresponding author. litao@nju.org.cn † Corresponding author. zhusn@nju.edu.cn FIG. 1. Schematic of the perforated trilayer structure with four unit cells. The unit cell and the corresponding structural parameters are labeled: hole size a, period P, metal thickness t, and dielectric separation s. In the side view, "Sub1" and "Sub2" represent two substrates.
ing the waveguide's S parameters. Three probes ͑P1, P2, P3͒ are placed inside the gap with the locations of ͑P /2,0,0͒, ͑0,0,0͒, and ͑0, P /2,0͒, respectively, in order to detect the local magnetic field.
First, we demonstrate the calculated transmission spectra of the samples A and B ͓see Fig. 2͑a͔͒ . It is clearly observed that two prominent transmission peaks located at about 0.66 and 0.78 m are almost superposed ͑E1 and E2͒; while the spectral features at longer wavelength are rather differentonly one peak for sample A ͑black, M1͒ but two peaks for sample B ͑gray, M1 and M2͒. In fact, peak M1 for both samples has the same origins-the well-recognized magnetic response leading to negative refraction, as is interpreted in detail in the work of Zhang et al. ͓12͔ . Because it comes from the LC-circuit resonance directly excited by the magnetic field of the incident wave, we call it a "magnetic polariton" ͓17͔. The peak shift of the two samples is due to their different resonant frequencies, which are related to their effective capacitances and so to the permittivity of the medium inside the gap. As for the peak M2 of sample B, it is proved to be another magnetic response, which also can lead to negative refraction. This is verified by the retrieved effective refractive index for these two samples ͓Fig. 2͑b͒ for sample A and Fig. 2͑c͒ for sample B͔ following the method in Ref.
͓18͔. The negative refraction property of mode M1 agrees well with the original work ͓12͔. For the M2 mode, detailed investigations suggest that it is related to a higher-order magnetic plasmon polariton mode associated with the hole array structure, which will not be intensively discussed here ͓19͔. What interested us mostly for the moment is the two prominent modes E1 and E2, which are almost unaffected by changing the medium of the middle layer ͑both the spectrum and effective n͒. By careful observation of the retrieved Re͑n͒ and Im͑n͒ of samples A and B, we find that mode E1 reveals a normal positive refractive index with small loss, exhibiting a strong transmission in the spectrum; while, for mode E2, Re͑n͒ goes down to a minimum ͑almost zero͒, though it does not reach a negative value. The analogous feature of n of mode E2 compared with modes M1 and M2 presumably indicates that E2 also corresponds to a magnetic response for both samples A and B. Along with the retrieved refractive index, we also obtained the effective permittivity and permeability as shown in Fig. 3 . Great changes in magnetic permeability are found around the E2 mode, as well as the M modes for both samples, indicating strong magnetic excitations. Apparently, the E2 mode is rightly located at a sharp dip of permeability and E1 at a peak of permittivity, indicating the magnetic and electric excitations, respectively. As a result of the relative good match between the permittivity and permeability at these two modes, the transmission reaches two local maxima.
Another way to check the magnetic excitation is to detect the local field inside the gaps. Figure 4͑a͒ redisplays the transmission spectrum of sample B accompanied by the reflectance and absorptance, and Fig. 4͑b͒ shows the corresponding local magnetic field ͑H x ͒ detected by three probes. One can easily find that the total four transmission peaks correspond to the local reflection minimum and absorption maximum. However, from the detected magnetic field, only three H x enhancements are observed in modes M1, M2, and E2. As mentioned above, M1 and M2 belong to the "magnetic polariton" modes, where strong magnetic resonance occurs. As for E1 and E2, they are very similar to the doublet transmission features in previous studies of the SPPs in single metallic films with symmetric dielectric substrates, which is considered to come from the coupling of the SPPs excited on both metal surfaces ͓15,20͔. But, interestingly, why does only one mode ͑E2͒ exhibit magnetic field enhancement in our case? To get a clear understanding, the H x field map in the gap ͑xy plane͒ and the electric field distributions in two typical yz planes ͑crossing and not crossing the holes͒ for the E1 and E2 modes are illustrated in Fig. 5 ͑the maximum value is selected͒. Apparently, the magnetic field in the mode E1 is much weaker than that in E2, which agrees well with the result of the detected H x . By inspecting the corresponding electric field, we find that E1 and E2 truly correspond to two characteristic modes-symmetric and antisymmetric, respectively. Furthermore, the field intensity in the continuous parts ͑x =0͒ is stronger than in the fractional parts ͑x = P /2͒, indicating more contributions from the SPPinduced surface wave than from the localized resonance inside the holes. From Fig. 5 , we realize that E z inside the gap is almost counteracted for the symmetric mode, while for the antisymmetric mode considerable E z remains to build VCLs, and thus a strong magnetic response is excited.
To check the influence of the substrates, we simulate the sample C, one of whose substrates is changed to SiO 2 . It is actually the most popular case in experimental approaches ͓12,13͔. Figures 6͑a͒ and 6͑b͒ show the transmission spectrum and the detected H x intensities, respectively. With careful observation, we find that, although the spectrum appears quite different from that of sample B, the peaks M1 and M2 remain unchanged. This confirms the conclusion from the magnetic polariton modes, whose resonant frequency is determined by the effective LC character. However, the SPP excitation strongly depends on the dielectric substrate; the responses of E1, E2, and E3 are undoubtedly attributed to the excited SPPs. According to the excitation condition of SPP ͓21͔, we have the SPP-enhanced transmission maximum approximately at ͓22͔ 
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where m and d are the permittivity of the metal and dielectric, respectively, and G ij is the reciprocal vector of the hole array. From Eq. ͑1͒, one has the relations
for two modes with the same reciprocal vectors, and
for two modes excited at the same metal/dielectric interfaces. As for the new modes in sample C, the peak E1 is redshifted to about 1.5 times the average position of the previous coupled SPPs for sample B, suggesting a SPP mode on the Au/ SiO 2 interface as the n SiO 2 is set at 1.5 times the vacuum. However, peaks E2 and E3 appear a little inexplicable. To definitely characterize these peaks, we still refer to the field distributions. Figure 7͑a͒ shows the electric field distributions in the yz plane of x = 0 of the three modes, from which the SPP modes are clearly distinguished; we see that E1 and E2 belong to the SPPs on the Au/ SiO 2 interface, and E3 to the Au/vacuum interface. More careful inspection of the H x maps in the xy plane ͓shown in Fig. 7͑b͔͒ indicates that modes E1 and E2 actually correspond to the SPP excitations associated with the reciprocal vectors of G 1,0 and G 1,1 , respectively. In any case, the SPP excitations for these three modes are asymmetric, and a net E z field remains inside the gaps and forms VCLs, which surely leads to the magnetic responses. As a result of the counteraction, these magnetic responses from the asymmetric modes are weaker than the antisymmetric mode of the coupled case. Furthermore, sample D with both SiO 2 substrates is also investigated with the transmission spectrum and detected local field shown in Fig. 8 . Comparing it with that of sample B ͑Fig. 4͒, we find that the first two SPP modes ͑E1 and E2͒ are both pushed to longer wavelengths, and new modes ͑E3 and E4͒ emerge. Evaluating these mode positions, we ob-
Since n SiO 2 is 1.5 times n vac , ͑͒ D / ͑͒ B Ϸ 1.5 agrees with Eq. ͑2͒, which confirms that E1 and E2 belong to the coupled SPP modes on the two Au/ SiO 2 interfaces. Also, ͑ E1,E2 ͒ / ͑ E3,E4 ͒ Ϸ 1.41 agrees well with ͉G 1,1 ͉ Ϸ1.41͉ G 1,0 ͉ ͑for a square lattice͒; E3 and E4 are proved to be the coupled G 1,1 modes of the SPP. As expected, the antisymmetric modes E2 and E4 exhibit strong magnetic responses, as the detected local magnetic field shows.
From the above analysis, we realize that the magnetic response can be excited not only by the LC-resonanceinduced "magnetic polariton," but also by the SPP-excited VCLs in layered structures. Because this kind of magnetic response mainly depends on the surface plasmon excitations, it is expected to be more convenient to manipulate the metamaterial's optical properties by modifying the metal surfaces. As the present results show, some of the magnetic responses are well located at the visible frequency, and they also can be pushed to higher frequencies by adjusting the structural parameters.
In summary, we have numerically demonstrated pronounced magnetic modes associated with extraordinary optical transmissions in perforated metal/dielectric trilayer structures. By alternating the dielectric substrates, we find that the magnetic responses exist in the antisymmetric and asymmetric modes for the same and different substrates, respectively. These magnetic modes inherit the characteristics of the wellknown SPPs ͑e.g., higher modes͒, indicating more selectivity in designing specific metamaterials with preferred e.m. responses. Moreover, this finding provides a method to generate strong magnetic responses at optical frequencies, which no longer relies on the traditional LC-circuit resonance.
